We have developed a luminescent marker using the second harmonic generation (SHG) from noncentrosymmetric BaTiO 3 nanocrystals. These nanoparticles are attractive due to their stable, non-saturating and coherent signal with a femtosecond-scale response time and broad flexibility in the choice of excitation wavelength. In this paper, we report the SHG response of BaTiO 3 nanocrystals under a circularly polarized excitation. We observed a more uniform SHG signal intensity from nanocrystals of different crystal orientations under a circularly polarized excitation. The threedimensional (3D) SHG fields generated from the SHRIMPs were recorded by a harmonic holographic microscope. Submicron resolution in both lateral and axial directions has been achieved. We show that the circularly polarized excitation is useful for harmonic holographic microscopy.
INTRODUCTION
We have developed a luminescent marker using the SHG from noncentrosymmetric nanocrystals which we refer to as "Second Harmonic Radiation IMaging Probes (SHRIMPs)". When a nanocrystal of noncentrosymmetric structure is optically excited at a fundamental frequency, it emits the optical signal at the exact doubled frequency. Only materials with crystalline structures lacking a center of symmetry are capable of efficient SHG. Thus, when imaged at the second harmonic frequency, SHRIMPs provide an effective mechanism of contrast between the markers and the generally unstructured or isotropic environment.
The process of SHG only involves virtual electron energy transition without nonradiative energy loss. Owing to these lossless, virtual transition processes, SHRIMPs emit a stable, non-blinking signal that do not saturate over increasing excitation power. Furthermore, the response time of SHG process is in the femtosecond scale, which allows for the observation of fast dynamic processes over a long time. In addition, SHG is generally a non-resonant process which offers the flexibility in the choice of excitation wavelength. This also results in the flexibility of tuning the wavelength of the SHG signal by changing the excitation wavelength accordingly. The coherent nature of the SHG signal is also a major advantage, providing a possibility to detect the second harmonic signal generated from the nanocrystals with interferometric optical techniques [1] [2] [3] . The SHG properties of several kinds of nanocrystals have been recently reported: BaTiO 3 [1, 2] , ZnO [4, 5] , Fe(IO 3 ) 3 [6] , KNbO 3 [7] , KTiOPO 4 (KTP) [3, 8] and SHG-active crystalline organicinorganic hybrid nanoparticles [9] .
The principle of harmonic holography (H 2 ) has been demonstrated [1] and its application for cellular imaging has been recently reported [2] . When the digital hologram is recorded at the doubled frequency, it captures both the amplitude and phase information of the SHG object field. Therefore the 3D field distribution, reflecting the 3D distribution of the SHRIMPs could be recorded without scanning. The spatial resolution is limited by the diffraction of light at the half wavelength, and the temporal resolution is limited by the laser pulse duration. Several holographic techniques have been developed for imaging, for example the linear and fluorescent holographic microscopy [10] [11] [12] [13] . H 2 microscopy is especially suitable for long-term imaging with luminescent markers due to the high imaging contrast provided by detecting the signal at SHG frequency: the background signal (linear background scattering and autofluorescence) can be efficiently removed by optical filters.
The polarization dependent SHG response from BaTiO 3 nanocrystals has already been experimentally characterized [2] . The crystal orientation determines the polarization dependency of the SHG signal. A theoretical model has also been developed to describe the polarization dependent SHG response of a SHRIMP [2] . The excitation polarization respective to the orientation of the nanocrystal determines the total SHG power radiated from a SHRIMP. Therefore, by measuring the SHG response respective to the excitation polarization, one can find the orientation of the nanocrystal. However, without a complete polarization measurement, the polarization dependent SHG response may complicate the observation. The SHG signal from the nanocrystal can vary in about a factor of 10 due to their orientations. In this paper, we demonstrate a method to mitigate the polarization dependent SHG response of a SHRIMP by exciting it with a circularly polarized light. A more uniform SHG signal from SHRIMPs with different orientations was observed under the circularly polarized excitation. We also successfully imaged these circularly-excited SHRIMPs by a H 2 microscope.
SHG RESPONSE OF NANOCRYSTALS
We used BaTiO3 nanoparticles as SHRIMPs which were commercially obtained from Techpowder. The X-ray diffraction measurement from the suppliers confirmed that the crystal structure is tetragonal, which is non-centrosymmetric, allowing for efficient SHG without any further treatment. Figure 1 is the transmission electron microscope (TEM) picture of the BaTiO 3 nanoparticles showing nearly spherical shapes. The size of the nanoparticles varies from 50 nm to 150 nm. To characterize the SHG response of the SHRIMPs, we deposited the nanoparticles on a glass substrate for imaging. The excitation light source consisted of 150 fs laser pulses centered at 800 nm wavelength (repetition rate 76 MHz) from a Ti:sapphire oscillator. The laser beam was slightly focused to reach the peak excitation intensity on the order of 1 GW/cm 2 on the sample. The SHG signal was collected by a 1.4 numerical aperture (NA) oil-immersion objective and imaged on an electron multiplying charge coupled device (EMCCD, Andor iXon EM + 885). We measured the power dependency and the optical spectrum to confirm the SHG signal (Fig. 2) . The SHG signal was observed for an hour with less than 5 % decrease under continuous excitation. 
SHG RESPONSE UNDER CIRCULARLY POLARIZED EXCITATION
The mechanism of SHG from SHRIMPs has been described with a theoretical model in Ref. 2 . Briefly, when a SHRIMP is excited by linearly polarized electromagnetic waves at the fundamental frequency, the electric field inside the SHRIMP will induce a nonlinear polarization at the doubled frequency through the second-order optical susceptibilities (
χ tensor). The magnitude of the nonlinear polarization depends on the nanocrystal orientation relatively to the excitation polarization. The induced nonlinear polarization behaves like a SHG source and radiates the SHG signal. Therefore, the SHG signal from SHRIMPs is polarization dependent. We mitigate the polarization dependent SHG response of SHRIMPs by using circularly polarized excitation. We used the same optical system described in the previous section for the imaging measurement. The sample was BaTiO 3 nanocrystals deposited on a glass substrate. We first imaged the sample under linearly polarized excitation. Figure 3 (a) shows the SHG image of the SHRIMPs under linearly polarized excitation. One isolated SHRIMP is clearly shown in Fig. 3 (a) . We then imaged the same area with circularly polarized excitation. The circularly polarized excitation is obtained by passing the linearly polarized laser pulses through a quarter-wave plate with proper orientation. Figure 3 (b) shows the SHG image of the SHRIMPs under circularly polarized excitation. In addition to the single SHRIMP which is shown in Fig. 3 (a) , two more SHRIMPs appear in Fig. 3 (b) . These two SHRIMPs are not visible in Fig. 3 (a) because the SHG response of these two SHRIMPs is weak under that certain linearly polarized excitation. The full width half maximum (FWHM) of the spot sizes in Fig. 3 (a) and (b) are about 200 nm, which is close to the theoretical diffraction limit of our imaging system. 
H 2 MICROSCOPY WITH CIRCULARLY POLARIZED EXCITATION
We have demonstrated the H 2 microscopy recently with a linearly polarized excitation [1, 2] . In this paper, we demonstrate the H 2 microscopy with a circularly polarized excitation. The excitation light source is a Ti:sapphire oscillator described previously. The circularly polarized excitation is obtained by passing the linearly polarized laser pulses through a quarter-wave plate with proper orientation. The peak intensity of the excitation is 1.5 GW/cm 2 . The experimental setup is shown in Fig. 4 . The H 2 microscope can be understood as a 4F imaging system followed by a holographic recording system. The SHG signal from SHRIMPs is collected and optically magnified by a 4F system consisting of a 1.4-NA oil-immersion microscope objective and a lens of 20 cm focal length. We put the EMCCD away from the 4F imaging plane so that the object field could propagate and fill the detection area of EMCCD. The hologram recording distance, i.e. the distance between the SHG image formed by the 4F system and the EMCCD, is 20 cm. A plane wave at doubled frequency generated by a separate β-barium borate (BBO) crystal served as the reference beam. The intensity ratio between the signal maximum and the reference beam is set to be 1:10. The signal and reference pulses were collinearly overlapping both spatially and temporally on the EMCCD, and as a result an on-axis digital hologram was recorded at the SHG wavelength. The inherent twin image has little effect on reconstructed image due to the long hologram recording distance. By recording a digital hologram at the SHG frequency, we capture the 3D SHG field radiated from the SHRIMPs. Through digital reconstruction, we obtain the SHG field at any plane in the sample. , quarter-wave plate; L1 and L2, lens; S, sample; OBJ, microscope objective; BE, beam expander; F, band-pass filter centered at 400 nm. BS1 splits the laser into signal and reference beams. In the signal arm, L1 slightly focuses the excitation beam into the sample with SHRIMPs. OBJ and L2 form a 4F imaging system to collect and optically magnify the SHG image of SHRIMP. The EMCCD is placed away from the 4F imaging plane. A band-pass filter is placed in front of the EMCCD to remove the excitation from the SHG signal. The reference beam goes through a translation stage and a BBO crystal so that the coherent reference SHG laser pulses are generated and can be temporally and spatially overlapped with the signal on the EMCCD. The signal and reference beams are combined collinearly by BS2 and therefore an on-axis digital hologram is recorded on the EMCCD.
We imaged the same SHRIMPs shown in Fig. 3 by the H 2 microscope. In the first measurement, the SHRIMPs were excited by a linearly polarized light. The corresponding H 2 reconstructed image is shown in Fig. 5 (a) where only one SHRIMP is visible, which matches with the conventional SHG image (Fig. 3 (a) ). In the next measurement, the SHRIMPs were excited by a circularly polarized light. The corresponding H 2 reconstructed image is shown in Fig. 5 (b) where three SHRIMPs appear as the conventional SHG image (Fig. 3 (b) ). It is worth noting that in both measurements, we used a linearly polarized reference beam. Therefore, the H 2 reconstructed images do not reflect the SHG signal from SHRIMPs of all the polarizations. By digitally reconstructing the SHG field at different planes from the recorded hologram, we could obtain a 3D distribution of SHG field in the sample without scanning. We did a 3D reconstruction for the middle SHRIMP shown in Fig. 5 (b) , and the result is shown in Fig. 6 . The lateral and axial resolutions are about 200 nm and 400 nm respectively which are the diffraction limit at the SHG wavelength of our imaging system. 
CONCLUSION
We demonstrated the use of BaTiO 3 nanoparticles as SHRIMPs for SHG imaging. We examined the SHG response from SHRIMPs under linearly and circularly polarized excitation. The SHRIMPs of different orientations show a more uniform SHG signal under a circularly polarized excitation. We also imaged the SHRIMPs under circularly polarized excitation with a H 2 microscope. About 200-nm lateral resolution and 400-nm axial resolution of the H 2 microscope have been achieved. 
